Human astroviruses (HAstV) have been increasingly recognized as an important pathogen of acute nonbacterial gastroenteritis in children [@BIB19]. The astrovirus genome consists of a 6.8 kb single-stranded, polyadenylated positive-sense RNA, which is infectious when transfected into permissive cells [@BIB16]. HAstV can be isolated and propagated in human intestinal CaCo-2 continuous cell line in the presence of trypsin, which is involved in the capsid protein maturation [@BIB41].

The organization of the genome includes three ORFs: ORF1a is located at the 5′ end of the genome and contains a serine protease motif, ORF1b contains a RNA-dependent RNA polymerase motif and ORF2 encodes the structural proteins [@BIB38]. The nonstructural proteins of the virus are translated from the genomic viral RNA as two polyproteins; one of them contains only ORF1a (101 kDa) and the other includes ORF1a/1b (160 kDa) and is translated via a −1 ribosomal frameshifting event between ORF1a and ORF1b [@BIB28]. Both proteins are proteolytically processed giving rise to a variety of proteins, although it is not clear whether the viral protease is responsible for all the cleavages [@BIB17], [@BIB18], [@BIB31]. A subgenomic RNA that contains ORF2 is detected in the cytoplasm of infected cells [@BIB41]. This subgenomic RNA is translated as a 87-kDa capsid precursor which gives raise to mature capsid proteins in a process that involves trypsin and a putative cellular protease [@BIB7], [@BIB40], [@BIB41] and it has been described by different laboratories that viral particles grown in the absence of trypsin show an importantly reduced infectivity titer [@BIB7], [@BIB40], [@BIB41].

Little is known about human astrovirus pathogenesis. [@BIB22] published some ultrastructural studies on astrovirus-infected lambs, in which they observed astrovirus aggregates within epithelial cell lysosomes and autophagic vacuoles, as well as along microvilli. Macrophages containing virus particles and enterocytes showing microvilli and some nuclear degeneration were also described. [@BIB61] described the degeneration of dome epithelial cells due to astrovirus infection in the ileum of infected calves. Recently, a report on the pathogenic effects of poult enteritis and mortality syndrome (PEMS)-turkey astrovirus in macrophages has also been published [@BIB47]. Although it was not demonstrated, a relationship between macrophage degeneration and apoptosis may be inferred from this latter work.

Apoptosis is defined as an energy-dependent physiological process of cellular self-destruction in response to a variety of stimuli. It is characterized by a series of morphological changes and biochemical processes including cell shrinkage, chromatin condensation, cleavage of DNA into oligonucleosomal length fragments and, finally, cell fragmentation into apoptotic bodies which are phagocytosed by neighboring cells without causing inflammatory reaction in the tissue [@BIB50]. On the one hand, it appears that programmed cell death would serve as a host defense mechanism and obstruct virus replication. On the other hand, in later stages of infection and when enough virus progeny has been generated, apoptosis may also facilitate virus propagation to bystander cells avoiding inflammation. Thus, many viruses including both DNA and RNA viruses have developed strategies either to induce or to inhibit apoptosis at different stages of their replication cycle [@BIB24], [@BIB33], [@BIB49].

The pathways for both induction and prevention of apoptosis are highly complex and still poorly understood. Caspases, a family of cysteine proteases, play a central role in the execution of the apoptotic process [@BIB11], [@BIB53]. Caspases are synthesized as inactive proenzymes and activated after cleavage at specific aspartate residues in a self-amplifying cascade. Activation of the upstream caspases such as caspases 2, 8, 9, 10 and 12, by pro-apoptotic signals leads to proteolytic activation of the downstream or effector caspases 3, 6 and 7. Two major pathways of caspase activation during apoptosis have been characterized. First, extrinsic activation is driven by activation of caspase 8 and is mainly initiated in response to ligation of cell surface death receptors, which include Fas and TNF receptors. Recruitment of initiator procaspase 8 to activated receptors with involvement of adaptor molecules such as TRADD or FADD, triggers procaspase autoproteolysis by proximity-induced activation. The second apoptotic initiator pathway, intrinsic activation, is initiated by caspase 9 activation after release of cytochrome *c* from the mitochondrial intermembrane space to the cytosol. Cytochrome *c*, together with dATP/ATP binds to Apaf-1, and recruits caspase 9 after a conformational change of Apaf-1. It has recently been observed that some viral mechanisms of either induction or inhibition of apoptosis involve a direct interaction with caspases [@BIB57]. Moreover, some viral proteins have also been described as potential targets for activated caspases [@BIB2], [@BIB13], [@BIB62].

In the present work, the apoptosis induced in astrovirus-infected CaCo-2 cells is analyzed, and different approaches to study the relationship between apoptosis and the virus life cycle are undertaken.

Results
=======

Apoptosis is induced in astrovirus-infected CaCo-2 cells
--------------------------------------------------------

To investigate the effect of astrovirus infection on CaCo-2 cells, a set of different techniques was used to analyze most characteristic features of apoptosis. For all the following cellular analysis, CaCo-2 cells were infected with a multiplicity of infection (m.o.i.) of 5 and fixed at different times post-infection (p.i.). Mock-infected cells and aspirin-treated cells were used as negative and positive controls, respectively (see [Materials and methods](#SEC1){ref-type="sec"}).

Morphological changes in infected CaCo-2 cells were first examined by optical microscopy after DAPI staining. As shown in [Fig. 1](#FIG1){ref-type="fig"} , nuclear morphological changes could not be observed at 24 h after infection. However, at 48 h p.i., many cells showed a marked condensation of the chromatin and the formation of apoptotic bodies (arrows). In mock-infected cells, the nuclei remained intact and uniformly stained without signs of chromatin condensation even at 48 h p.i.Fig. 1Morphology of cell nuclei of mock-infected CaCo-2 cells, aspirin-treated cells (ASA 15 mM) and HAstV-infected cells at 24 and 48 h p.i., after DNA staining with DAPI. At 48 h p.i., many infected cells show apoptotic bodies due to the condensation of chromatin in several micronuclei (arrows).

To quantify the percentage of apoptotic cells, astrovirus-infected and mock-infected cultures were monitored by flow cytometry, employing DNA staining with propidium iodide. During the apoptotic process, the activation of cellular endonucleases results in fragmentation of the nuclear DNA into oligonucleosome-sized fragments, which can be selectively extracted from cells after fixation with ethanol 70% and treatment with phosphate--citrate buffer, resulting in a reduction of cellular DNA content. The presence of apoptotic cells (sub-G~0~/G~1~ peak) was detected in DNA content frequency histograms. Aspirin-treated cells exhibited 40.6% of apoptotic cells. In astrovirus-infected cultures, the proportion of apoptotic cells increased from 18.7% at 24 h p.i. up to 27.7% at 48 h p.i., whereas only 6.2% of apoptotic cells were observed in mock-infected cells [(Fig. 2)](#FIG2){ref-type="fig"} .Fig. 2Flow cytometric analysis of DNA content of propidium iodide (PI)-stained CaCo-2 cells. The percentage of apoptotic cells was obtained by calculating the percentage of the cell population showing a DNA content lower than G~0~/G~1~ cells in the cell cycle.

The TUNEL assay was also performed to further characterize the apoptotic response. The percentage of cells containing DNA strand breaks was quantified by flow cytometry. Using a m.o.i. of 5, astrovirus-infected cells exhibited 70.8% apoptotic cells at 72 h p.i., whereas only 0.2% were observed in mock-infected cultures [(Fig. 3A)](#FIG3){ref-type="fig"} . At 24 h p.i., the percentage of apoptotic cells was only 6.4% (data not shown). In our hands, despite a low degree of variation, percentages of apoptotic cells were generally higher when measured by the TUNEL assay than by the sub-G~0~/G~1~ technique, indicating that the TUNEL provides a higher sensitivity to detect apoptosis. The TUNEL assay was also used to monitor the onset of apoptosis when using different m.o.i. (5, 0.5 and 0.05). A correlation was observed between the m.o.i. and the percentage of apoptotic cells [(Fig. 3B)](#FIG3){ref-type="fig"}, suggesting a direct relationship between viral infection and apoptosis. In addition, a decrease in the dose of input virus delayed the development of apoptosis. When a m.o.i. of 0.05 was used, a significant proportion of apoptotic cells could not be detected until 96 h p.i.Fig. 3In situ detection of apoptosis by TUNEL analysis. (A) Flow cytometry analysis of mock-infected cells at 48 h p.i., aspirin-treated cells at 48 h and HAstV-infected cells at 48 and 72 h p.i. after TUNEL staining of apoptotic nuclei. The percentage of apoptotic cells was estimated as the percentage of cells showing FITC fluorescence nuclei, due to the addition of fluorescein dUTP at 3′OH ends of fragmented DNA. A cursor for FITC positivity was defined from mock-infected cultures, which usually included 0.1--3.0% of the total cell population (in the depicted experiment, it includes only 0.2% of the total population of mock-infected cells). (B) Dose-dependent and time-dependent appearance of apoptotic cells. Cells were infected with different m.o.i., harvested at various times p.i., analyzed by TUNEL assay and subjected to flow cytometry. The values of the error bars, which are not depicted for the sake of clarity, were always below 0.44× the mean value.

Finally, ultrastructural modifications in astrovirus-infected cells were examined in detail by transmission electron microscopy at 48 h p.i. [(Fig. 4)](#FIG4){ref-type="fig"} . The formation of masses of condensed chromatin dispersed mostly at the periphery of the convoluted nucleus was observed in infected cells. Other characteristics of apoptosis such as disintegration of nucleoli, while maintenance of intact mitochondria and other cell organelles as well as both nuclear and cytoplasmic membranes were also observed [(Figs. 4B and C)](#FIG4){ref-type="fig"}. On the contrary, control cells exhibited a normal morphology with randomly distributed organelles, a nucleus with finely granular and uniformly dispersed chromatin and a large unique electron-dense nucleolus [(Fig. 4A)](#FIG4){ref-type="fig"}. Astrovirus particles were observed inside most cells that showed these signs of apoptosis [(Fig. 4C)](#FIG4){ref-type="fig"}.Fig. 4Electron micrographs of mock-infected (A) and HAstV-infected CaCo-2 cells at 48 h p.i. (B and C). In mock-infected cells, the large nucleus (N) displays a large, unique nucleolus (n). HAstV-infected cells are characterized by numerous masses of condensed chromatin (c) dispersed at the periphery of a convoluted nucleus. Aggregates of astrovirus particles (v) accumulated in the cytoplasm of infected cells (C). Bars equal 1 μm in A and B, and 0.5 μm in C.

In conclusion, the study of nuclear and cellular morphology, the analysis of the reduction of cellular DNA content, and the characterization of DNA fragmentation by TUNEL assay, unambiguously demonstrated that apoptosis is triggered in CaCo-2 cells during astrovirus infection following a dose-dependent pattern.

Caspase 8 is involved in astrovirus-induced apoptosis
-----------------------------------------------------

With the aim to study the activation of upstream caspases during astrovirus-induced apoptosis, the role of caspase 8 and caspase 9 was analyzed. Caspase 8 was detected by Western blot using a specific antibody with total cell lysates from infected and mock-infected cells harvested at various times p.i. In mock-infected cell lysates, anti-caspase 8 antibody recognized a protein of 55 kDa corresponding to the procaspase form. In addition, a polypeptide of approximately 26 kDa, which corresponds to the prodomain of caspase 8, was also detected in infected cells from 48 h p.i. [(Fig. 5A)](#FIG5){ref-type="fig"} . This result indicates that FLICE/caspase-8 activation takes place during astrovirus infection.Fig. 5FLICE/caspase-8 cleavage and distribution of mitochondrial cytochrome *c* during astrovirus infection. (A) Detection of procaspase-8 and activation-resulting product of prodomain p26 by Western blot analysis at the indicated times p.i., according to [@BIB39]. (B) Distribution of cytochrome *c* in mitochondrial (M) and cytosolic fractions (C), in 1 μM staurosporine (ST)-treated cells, astrovirus-infected cells at various times p.i. and mock-infected CaCo-2 cells at 72 h p.i.

To investigate whether there was also activation of the mitochondrial apoptotic pathway, we analyzed the redistribution of cytochrome *c* from the mitochondrial intermembrane space to the cytosol, as an indication of caspase 9 activation. [Fig. 5B](#FIG5){ref-type="fig"} shows that at any assayed time after infection, a complete release of cytochrome *c* to the cytosol was never observed and that the amount of cytochrome *c* in the mitochondria did not decrease. The low degree of cytochrome *c* redistribution to the cytosol observed at 48 and 72 h in infected cells could be explained as a result of the amplification of the apoptotic signal which involves mitochondrial factors [@BIB11], [@BIB32].

Finally, the role of caspase 8 and 9 in mediating the induction of apoptosis by astrovirus was further assessed by using caspase specific and irreversible peptide inhibitors Z-IETD-FMK (caspase 8) and Z-LEHD-FMK (caspase 9) at different concentrations. The blocking effects of Z-IETD-FMK were dose-dependent (reduction of apoptosis of 7.3% at 10 μM, 23.8% at 100 μM and 39.1% at 150 μM), while Z-LEHD-FMK could inhibit apoptosis only at the highest concentration (reduction of apoptosis of 42.2%). It should be pointed out, however, that the specificity of this compounds when they are used at high concentrations is not always guaranteed [@BIB56]. Caspases belonging to Group III (6, 8 and 9) tolerate many different amino acids in P~4~ position but prefer those with larger aliphatic side chains. Their optimal peptide recognition motif is (X)E(H/T)D, being all of them quite tolerant to substitutions in P~2~. The only exception is caspase 9, which has a stringent specificity for H in P~2~ position. Thus, at 150 μM, the blocking effects of Z-LEHD-FMK may be due to a non-specific inhibition of caspase 8, whereas at low concentrations, only the optimal recognition motif may be able to inhibit caspase activation. Consistently, at 10 and 100 μM, only inhibition of caspase 8 had effective effects in reducing the percentage of apoptotic cells after infection, suggesting a relationship between astrovirus infection and caspase 8 activation.

In summary, although caspase 8 inhibitor did not completely block astrovirus-induced apoptosis, these results, together with the analysis of caspase 8 activation by Western blot, provide clear evidence that this caspase is involved in the sequence of events that occur during astrovirus-induced apoptosis.

Viral replication occurs in both apoptotic and non-apoptotic cells; however, infectious progeny is lower when apoptosis is inhibited
------------------------------------------------------------------------------------------------------------------------------------

The relationship between apoptosis and the virus life cycle was studied by analyzing protein expression in apoptotic and non-apoptotic cell populations and also by analyzing the effect of apoptosis inhibition on virus production.

The kinetics of viral protein expression and the appearance of apoptosis were simultaneously detected by a double-labeling technique. Cells expressing viral capsid proteins were labeled by immunofluorescence using 8E7 monoclonal antibody [@BIB25] and apoptotic nuclei were labeled by using the TUNEL assay. CaCo-2 cells were infected with a m.o.i. of 0.5, to avoid an extensive infection of all the monolayer, and fixed at 20, 48 and 72 h p.i. [(Fig. 6)](#FIG6){ref-type="fig"} . Flow cytometry results indicated that apoptosis was mostly triggered in infected cells and to a lesser extent in non-infected cells, suggesting that the induction of apoptosis depends on active virus replication within the cell [(Fig. 6A)](#FIG6){ref-type="fig"}. At all times p.i., the proportion of TUNEL-labeled cells that expressed capsid proteins ranged between 74% and 84.7% and was three to five times higher than apoptotic cells that were negative for immunofluorescence. Notwithstanding, not all astrovirus-infected cells exhibited apoptotic features; both at 48 and 72 h p.i., approximately only 47.0% of antigen-positive cells were labeled with TUNEL. However, at an early time p.i., 20 h p.i., the subpopulation of apoptotic cells within the infected population represented only 9.3%, suggesting that viral replication within the cell occurs before the appearance of apoptosis.Fig. 6Simultaneous determination of astrovirus antigens and apoptosis by flow cytometry. After apoptosis detection by TUNEL assay, an immunofluorescence analysis was performed on mock-infected and HAstV-infected CaCo-2 cells harvested at different times p.i. (A) Representative diagram of flow cytometry double labeling results. Cutoff values for positive cells were set so that more than 99.5% of total cells belonged to the lower left quadrant, in a dot plot of infected cells that had been labeled with negative control solution provided by the manufacturers for TUNEL and incubated with the cyanine5-conjugated anti-mouse antibody but not the astrovirus-specific monoclonal antibody (not shown). The total percentage of cells belonging to each quadrant is indicated. (B and C) Analysis of morphological changes of HAstV-infected cells at 72 h p.i. under a fluorescence microscope. Red color corresponds to the virus immunofluorescence, while green color corresponds to the FITC labeling of fragmented DNA due to apoptosis.

Additionally, morphology of double-labeled cells was examined at 72 h p.i. under a fluorescence microscope. Since during apoptosis, genomic DNA breakage takes place at an earlier stage than nuclear fragmentation, not only cells with apoptotic bodies were positive by TUNEL [(Fig. 6B)](#FIG6){ref-type="fig"}, but also cells which showed clearly delimited nuclei [(Fig. 6C)](#FIG6){ref-type="fig"}.

To investigate the functional importance of apoptosis induction, the infectious titer of released virus was calculated. The effects of apoptosis on the replication of astrovirus were assayed by comparing virus production in the presence and absence of 100 μM Z-IETD-FMK and Z-LEHD-FMK at 48 h p.i. Viruses in the supernatant of infected cells were titrated using different approaches. Quantification of astrovirus progeny virions by both EIA and RT-PCR gave identical results in the absence or presence of any caspase inhibitors [(Table 1)](#TBL1){ref-type="table"} . Infectious titers, obtained by an integrated cell culture RT-PCR procedure [@BIB1], were consistently higher than those measured by direct end-point RT-PCR titration. This is a consequence of the lower sensitivity of the end-point RT-PCR detection technique in comparison with the infectivity assay where an in vivo amplification in cell culture provides higher sensitivity. Surprisingly, inhibition of caspase 8 activity caused a 1-log-reduction in the infectious progeny. These results suggest a role of caspase 8-derived apoptosis in the astrovirus capsid maturation process that lead to infectious virion capsids.Table 1Effect of caspase inhibition on virus progeny release and infectivity[a](#TBLFN1){ref-type="table-fn"}DMSOZ-IETD-FMKZ-LEHD-FMKEIA[b](#TBLFN2){ref-type="table-fn"}10^3^10^3^10^3^RT-PCR[c](#TBLFN3){ref-type="table-fn"}10^5^10^5^10^5^Infectivity[d](#TBLFN4){ref-type="table-fn"}10^8^10^7^10^8^[^1][^2][^3][^4]

Induction of apoptosis by transient expression of ORF1a gene products in CaCo-2 cells
-------------------------------------------------------------------------------------

Recently, three related protein--protein interaction domains have been identified in molecules involved in apoptosis. They are known as the death domain superfamily, which includes death domains (DD), death effector domains (DED) and caspase recruitment domains (CARD). Each of the proteins belonging to this family interacts with other proteins through homotypic interactions and they are responsible for most of the specific recruitment events that take place during the apoptotic pathway. These domains possess remarkably similar structures consisting of six antiparallel α-helices with primarily hydrophobic core residues. The degree of similarity across the death domain superfamily can be rather low when measured by the amino acid sequence alignment alone without taking into consideration the structural information [@BIB58].

To screen for astrovirus encoded proapoptotic proteins, a computer analysis through the amino acid sequence of the three astrovirus ORFs was performed to identify potential domains related to apoptosis. Using the PredictProtein server, the analysis of the secondary structure of the whole astrovirus protein sequence revealed the presence of an optimal six α-helices structure of 95 amino acids close to the C terminus of ORF1a (from residue 620 to 714, accession number [L23513](L23513)). As a result of the proteolytical processing of ORF1a polyprotein suggested by [@BIB31], this region would be included in the putative nonstructural protein of unknown function p38. The average percentage of amino acid identity and similarity between this region and several members of the death domain superfamily were 19.1% and 41.7%, respectively. In addition, using the 3D-SSPM web server in search of 3D structural homologies, this region showed structural homology to the death domain found in human Fas (hFasDD). An alignment of all the available astrovirus sequences from this region and hFasDD is shown in [Fig. 7](#FIG7){ref-type="fig"} . The presence of a death domain in a nonstructural protein of ORF1a suggests a direct link between this protein and the apoptotic pathway.Fig. 7Schematic diagram of astrovirus ORF1a. Predicted transmembrane helices (TM), protease motif (PRO), predicted nuclear localization signal (NLS) and an immunoreactive epitope (IRE) are shown. Black arrowheads refer to putative proteolytic cleavage sites, which seem to be dependent on both cellular proteases (?) and the viral protease (pro). The predicted death domain within ORF1a is indicated and a structure-based sequence alignment of all available HAstV sequences and the amino acid sequence of hFas death domain is shown. Helices are indicated by boxes and conserved hydrophobic core residues are indicated by an asterisk above the sequence. Underlined sequence corresponds to the NLS. Accession numbers [L23513](L23513) (HAstV1), [L13745](L13745) (HAstV2), [Z25771](Z25771) (A2/88 Newcastle), [AF141381](AF141381) (Rostock), [AY257977](AY257977) (HAstV4 p23795) and [AF260508](AF260508) (Yuc8).

In this context, the ability of ORF1a to modulate apoptosis was examined by using a transient expression system. A plasmid containing the ORF1a (pcDNA1a) was transfected into CaCo-2 cells and a full-length ORF2 construct (pcDNA2) was included as a control. Upon electroporation of CaCo-2 cells, protein-expressing cells were labeled by immunofluorescence using antibodies against a synthetic peptide belonging to ORF1a and 8E7 monoclonal antibody for ORF2, while apoptotic nuclei were labeled by the TUNEL assay. Images of typical protein expressing cells are shown in [Fig. 8](#FIG8){ref-type="fig"} . The percentage of protein-expressing cells that exhibited signs of apoptosis was calculated. The number of transfected cells that expressed viral proteins in each experiment was low, reflecting the previously reported inefficiency of CaCo-2 cells transfection [@BIB16]. However, a significantly higher number of apoptotic cells was observed after transfection of the ORF1a construct (27.3% ± 12.7%) than after transfection of the ORF2 construct (2.15% ± 2.15%), confirming the presence of a proapoptotic protein in ORF1a. Additionally, although an increase of the protein expression was observed with either construct up to 5 days p.i., a proportional increase in the percentage of apoptotic cells was only detected in the ORF1a-expressing cells.Fig. 8Double labeling analysis of HAstV protein expression and apoptosis after transient expression of plasmids containing the full-length ORF1a and ORF2 constructs. Nuclei of all cells were counterstained with DAPI. Red color corresponds to immunofluorescence labeling and green color corresponds to apoptotic nuclei labeled by TUNEL.

Discussion
==========

Mechanisms of virus-induced cell injury play an important role in the pathogenesis of viral infections. During the past few years, many efforts have been done to gain further insights into the virus--host cell interactions, and the number of viruses that have been shown to induce or inhibit apoptosis either directly or indirectly during their replication cycles has increased considerably [@BIB44]. Although apoptotic cell death after virus infection has also been demonstrated for members of viral families taxonomically not too distant to astrovirus, such as *Caliciviridae* and *Picornaviridae* [@BIB2], [@BIB3], [@BIB4], [@BIB34], [@BIB36], [@BIB42], to our knowledge, this is the first report which provides evidence of an apoptotic response in human astrovirus-infected cells. Characteristic morphological and biochemical hallmarks of apoptosis, such as chromatin condensation, activation of cellular endonucleases, fragmentation of DNA and formation of apoptotic bodies, were detected in astrovirus-infected cells. There was a general agreement in results obtained with different techniques and apoptosis was induced in a dose-dependent pattern.

In the present report, activation of caspase 8 and caspase 9 was also explored to elucidate the underlying mechanisms of apoptosis induction. Caspases play a key role in the effector phase during apoptotic cell death and, while caspase 8 is an indicator of activation of the extrinsic apoptotic pathway, caspase 9 is an indicator of the mitochondrial apoptotic pathway. Notwithstanding, recent experiments have demonstrated that the hierarchy of caspase activation is not always maintained to promote the amplification of weaker apoptotic signals [@BIB11], [@BIB32]. It is now clear that in some types of cells, during the execution of the apoptotic extrinsic pathway, the death-inducing signaling complex (DISC) is not efficient enough to activate downstream effector caspases and therefore it requires amplification of the apoptotic signal by mitochondrial-mediated events. Caspase 8-mediated cleavage of a protein called Bid, which is a proapoptotic member of the Bcl-2 family, directs its translocation to the mitochondria, where it induces release of cytochrome *c* [@BIB37]. Like in the cases of transmissible gastroenteritis coronavirus [@BIB13], Sendai virus [@BIB8], parvovirus B19 [@BIB52] or Langat flavivirus [@BIB46], our results, both by Western blot and specific inhibition experiments, suggest that caspase 8 pathway is involved in the apoptotic response during astrovirus infection.

The viral gene product that is responsible for inducing apoptosis in RNA viruses has been characterized in several cases such as porcine reproductive and respiratory syndrome virus [@BIB14], [@BIB55], murine coronavirus [@BIB5], infectious bursal disease virus [@BIB15], HIV [@BIB43], [@BIB54], poliovirus [@BIB6], [@BIB20], influenza virus [@BIB51], Langat flavivirus [@BIB46] or enterovirus 71 [@BIB34]. For other RNA virus such as Sindbis virus [@BIB27] or reovirus [@BIB10], induction of apoptosis does not require virus replication. After transient expression experiments, our observations suggest that an apoptosis inducer may be encoded in ORF1a of astrovirus. Little is known about the biological function of the nonstructural proteins of astrovirus ORF1a, except that they contain a 3C-like serine protease motif [@BIB38]. In addition, a nuclear localization signal (NLS) has also been detected [@BIB28] and astrovirus nonstructural proteins have been found in the nuclei of infected cells [@BIB60]. The biological significance of this nuclear involvement in astrovirus life cycle is not fully understood. ORF1a and ORF1b are encoded in two separate reading frames, but are believed to be translated as a polyprotein. None of the proteolytic cleavage sites that are present within ORF1a have been fully characterized by N-terminal sequencing of the processed products. Between the protease motif and the nuclear localization signal, two different cleavage sites have been proposed using different approaches [@BIB17], [@BIB18], [@BIB31]. By computer analysis, we have identified a potential death domain motif within the nonstructural protein p38 of astrovirus, based on the proteolytic model proposed by [@BIB31]. The prediction of coiled-coils regions close to the C terminus of ORF1a have also been recently reported in both human and animal astrovirus by [@BIB29]. Death domains are one form of the prototypical protein-interacting domains that play important roles in many of the protein--protein interactions that take place both during the initial and the effector phases of apoptosis. A great degree of amino acid conservation is observed among the human astrovirus serotypes which have been sequenced at this region. The presence of a death domain would bring useful information on the role of this nonstructural protein. Further characterization of the p38 nonstructural protein in virus-infected cells and mutagenesis studies of its proapoptotic domain are under way.

Nevertheless, in both astrovirus-infected cells and transient ORF1a-expressing cells, not all cells were apoptotic. Only when using a high m.o.i. and long times p.i., around 70% of cells underwent apoptosis. Several reasons could explain why not all astrovirus-infected cells undergo apoptosis. One possibility could result from a technical problem, causing that the apoptotic stage of some infected cells would not be detectable by the TUNEL method. Another explanation could be that at a given time p.i., due to different stages of the virus replication cycle, the amount of apoptosis-inducing viral protein produced within some cells would be still too low to induce apoptosis. Even a viral apoptotic inhibitor could also be encoded in a different part of the genome. An intricate balance between both viral and cellular proapoptotic and antiapoptotic stimuli within the cell may decide whether it will die by apoptosis or not. In cell differentiating types such as CaCo-2 cells, this balance may be even more variable depending on the stage of differentiation.

Interestingly, in the presence of a caspase 8 specific inhibitor, there was a significant reduction in the infectivity of the virus progeny, while the titer of physical virions (estimated by EIA and RT-PCR) was not affected. These data are different from those obtained for other viruses such as Sendai virus [@BIB63], transmissible gastroenteritis coronavirus [@BIB12] or avian coronavirus infectious bronchitis virus [@BIB35], whose virus production was not reduced when inhibiting the apoptotic process. From our results, we conclude that apoptotic death of host cells seems necessary for efficient astrovirus particle maturation. For some viruses, it has been observed that some of their proteins undergo caspase-mediated proteolysis within the host cell [@BIB2], [@BIB13], [@BIB62]. The astrovirus capsid processing and assembly is still controversial. Recently, different models have been proposed by different authors using different human astrovirus serotypes [@BIB7], [@BIB17], [@BIB18], [@BIB40], and the action of a cellular protease has been suggested. Sequence analysis of all the available human amino acid sequences of ORF2 reveals the presence of some putative caspase cleavage sites close to the C terminus of the polyprotein. The relationship between a potential role of caspase-dependent capsid maturation and the physiological significance of apoptosis induction by human astrovirus in intestinal cells is currently being investigated.

Materials and methods {#SEC1}
=====================

Cells and virus
---------------

The human colon adenocarcinoma cell line CaCo-2 was used throughout this work. Cells were grown in Eagle\'s minimum essential medium (MEM) supplemented with 10% fetal bovine serum. A tissue culture-adapted strain of human astrovirus serotype 4 (p23795), kindly provided by W.D. Cubitt from the Great Ormond Street Hospital for Children, London, was propagated in CaCo-2 cells, as previously described [@BIB45]. However, in the apoptosis studies, no trypsin was added to the p.i. medium to ensure a single cycle of virus replication [@BIB7], [@BIB40], [@BIB41]. Briefly, 3-day-old cell monolayers were washed twice with phosphate-buffered saline (PBS) and inoculated with viral stocks pretreated with 10 μg/ml trypsin (GIX Sigma) for 30 min at 37 °C. After a 1-h adsorption at 37 °C, MEM supplemented with 2% FBS was added. As apoptotic cells usually round up and detach from the surface of the culture flask, a mixed population of both suspended and attached cells was always used. At different times p.i., floating cells were harvested and pooled with the attached cells, which were recovered by trypsin treatment. Supernatant fluids of uninfected CaCo-2 cell lysates were used for mock infections.

Apoptosis inducing agent
------------------------

A 0.5 M aspirin stock solution (ASA: acetylsalicylic acid; kindly provided by Bayer AG) in 0.75 M Tris--HCl (pH 7.4) was prepared. To induce apoptosis, CaCo-2 cell monolayers were washed twice with PBS and incubated for 48 h at 37 °C with MEM 2% FBS containing 15 mM aspirin [@BIB48]. Tris--HCl buffer without aspirin was included in all experiments as negative control for aspirin-induced apoptosis.

Observation of nuclear morphology
---------------------------------

Morphology of the infected cell nuclei was examined after fixation of cells for 30 min with 3% paraformaldehyde in PBS. Cells were stained with 1 μg/ml DAPI (Roche) in PBS for 20 min, washed twice with PBS, coverslipped and observed under a fluorescence microscope (Leica DMRB FLUO). The procedure was performed at room temperature.

Analysis of cellular DNA content
--------------------------------

A previously described procedure [@BIB21] for DNA extraction from apoptotic cells was used with minor modifications to detect the reduction in DNA content within apoptotic cells (sub-G~0~/G~1~ DNA peak technique). Briefly, 2 × 10^6^ cells were washed in PBS and fixed overnight at −20 °C, in 70% ice-cold ethanol. Cell pellets were resuspended in 40 μl of phosphate--citrate buffer, consisting of 192 parts of 0.2 M Na~2~HPO~4~ and 8 parts of 0.1 M citric acid (pH 7.8), at 37 °C for 30 min. After centrifugation at 1000 × g for 5 min, the cell pellet was resuspended in 1 ml of PBS containing 15 μg/ml propidium iodide (Molecular Probes), 0.1% Triton X-100 and 2 μg/ml DNase-free RNAse from bovine pancreas (Roche). After 1 h at room temperature, around 7000--10,000 cells were analyzed by flow cytometry (Immunotech Coulter XL).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay
-----------------------------------------------------------------------------------

DNA fragmentation, which occurs within apoptotic cells, was also studied using the In Situ Cell Detection Kit, Fluorescein (Roche), following the manufacturer\'s instructions. Briefly, 2 × 10^6^ cells were fixed in 3% paraformaldehyde in PBS and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate in PBS. DNA strand breaks were labeled at 3′OH ends by the addition of fluorescein dUTP using a terminal deoxynucleotidyl transferase (TdT). Cells were analyzed by flow cytometry (Immunotech Coulter XL) and also by optic microscopy (Leica DMRB FLUO) after performing a DAPI staining, as previously described.

Electron microscopy
-------------------

For transmission electron microscopy studies, mock-infected and astrovirus-infected cells grown on 100-mm plates were washed twice with PBS, fixed with 3% paraformaldehyde and 2.5% glutaraldehyde in cacodylate buffer (pH 7.4) for 2 h at 4 °C, and harvested by scraping. Detached cells were collected and mixed with the suspension of adherent cells after performing the same fixation procedure. After low-speed centrifugation, cell pellets were washed five times for 1 h at 4 °C with 0.1 M sodium cacodylate buffer (pH 7.4), post fixed with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer for 1 h 30 min at room temperature, dehydrated in acetone series, and embedded in Spurr resin. Ultrathin sections were stained in uranylacetate and lead citrate and observed under an electron microscope (Hitachi HT-600).

Analysis of caspase 8 activation by Western blot
------------------------------------------------

Cell lysates were prepared from 2 × 10^6^ infected or mock-infected cells in 0.2 ml of RIPA buffer (50 mM Tris--HCl pH 7.8, 150 mM NaCl, 1% Nonidet NP-40, 0.1% SDS). Protein concentrations were calculated using the following formula: Protein concentration (mg/ml) = (1.55 × *A* ~280~) − (0.76 × *A* ~260~). Protein concentrations were standardized among samples and confirmed by Coomassie blue staining. After 12% SDS-polyacrylamide gel electrophoresis, proteins were electroblotted onto nitrocellulose membranes (Schleicher & Schuell). Membranes were blocked overnight at 4 °C in 5% skim milk powder in TBS buffer (10 mM Tris--HCl and 150 mM NaCl, pH 7.5), and an anti-caspase 8 rabbit polyclonal antibody (Pharmingen) was applied diluted 1:1000 for 3 h at room temperature. An alkaline phosphatase-conjugated anti-rabbit antibody (Sigma) was used as detecting antibody and X-Phosphate and NBT (Roche) were used as substrates.

Analysis of cytochrome *c* subcellular localization
---------------------------------------------------

At designated times p.i., around 7 × 10^6^ cells were collected and resuspended in 1 ml of ice-cold buffer A (10 mM HEPES, 250 mM sucrose, 1 mM EGTA, pH 7.4). Cells were kept for 15 min on ice and homogenized using a syringe and centrifuged for 10 min at 1000 × *g* to remove unlysed cells and nuclei. The supernatant fluids were transferred to new tubes and centrifuged again at 10,000 × *g* for 20 min. Supernatant fluids from the second centrifugation represent the cytosolic fractions, whereas the pellets, resuspended in 50 μl of buffer A, represent mitochondrial fractions. The presence of cytochrome *c* was analyzed by Western blot as described above, using a dilution 1:100 of purified mouse anti-cytochrome *c* monoclonal antibody (Pharmingen), and an alkaline phosphatase-conjugated anti-mouse antibody (Pharmingen) as a secondary antibody. As before, protein concentration were standardized to produce comparable data. As positive controls, CaCo-2 cells were incubated with staurosporine (Sigma) at 1 μM final concentration for 24 h.

Inhibition of apoptosis
-----------------------

After infecting 1 × 10^6^ cells, caspase specific peptides inhibitors Z-IETD-FMK and Z-LEHD-FMK (Sigma) were resuspended in dimethyl sulfoxide (DMSO) and added to the overlay medium at 10, 100 and 150 μM concentration. An equivalent volume of DMSO was added to a control of infection lacking caspase inhibitors. Percentages of apoptotic cells were measured by flow cytometry after performing the TUNEL assay at 48 h p.i.

Double labeling of cells for detection of apoptosis and viral antigens
----------------------------------------------------------------------

Around 2 × 10^6^ infected or mock-infected cells were fixed in 3% paraformaldehyde in PBS for 30 min at room temperature and permeabilized in PBS with 0.1% Triton X-100 and 0.1% sodium citrate for 10 min on ice. After washing three times with PBS, cells were blocked for 30 min at room temperature in PBS containing 3% BSA (Sigma) and 0.1% Tween 20. For viral antigen detection, an immunofluorescence analysis using the anti-astrovirus monoclonal antibody 8E7 diluted 1:10,000 (kindly provided by J. Herrmann) was performed. At this point, samples were divided in two aliquots and incubated with different secondary anti-mouse antibodies (Amersham Pharmacia Biotech): cyanine5-conjugated antibody at a dilution of 1:100, and cyanine3-conjugated antibody at a dilution of 1:5000. All antibodies were diluted in 3% BSA--0.1% Tween 20 in PBS and incubations performed for 1 h at room temperature. After immunofluorescence labeling, cells were washed twice in PBS, prior performing the TUNEL assay as described above. Cyanine5-labeled cells were analyzed by flow cytometry (Immunotech Coulter XL) and cyanine3-labeled cells were analyzed under a fluorescence microscope (Leica DMRB FLUO).

Effects of caspase inhibitors on virus production
-------------------------------------------------

Virus production in the supernatant medium of infected cells (released virus) at 48 h p.i. in the presence or absence of 100 μM caspase inhibitors (Z-IETD-FMK and Z-LEHD-FMK) was evaluated by three different methods. First, the amount of astrovirus antigen in dilutions of the supernatant medium was measured by indirect enzyme immunoassay as described by [@BIB26]. Second, the titer of astrovirus genomes was measured by end-point dilution RT-PCR, using primers A1 and A2, as previously described [@BIB23], [@BIB59]. Finally, infectious titer was measured by a previously described method [@BIB1]. Briefly, samples were pretreated with trypsin and 10-fold dilutions were inoculated onto CaCo-2 cells monolayers grown in 24-well plates. Trypsin was added to the p.i. medium and the presence of virus in the supernatant of each dilution was evaluated by RT-PCR using primers A1 and A2, after 6 days of incubation.

Computer sequence analysis
--------------------------

Secondary structure was predicted using the PredictProtein server (<http://www.embl-heidelberg.de/predictprotein/predictprotein.html>). Protein fold recognition using 1D and 3D sequence profiles coupled with secondary structure and solvation potential information was studied using the web server 3D-PSSM V2.6.0 [@BIB30].

Construction of plasmids
------------------------

Complete astrovirus ORF1a and ORF2 were cloned into pcDNA3.1(+) mammalian expression vector (Invitrogen). Fragments containing the full-length ORF1a (nucleotides 79--2884 from Genbank accession number [L23513](L23513)) and ORF2 (nucleotides 4317--6691 from Genbank accession number [L23513](L23513)) were generated by PCR amplification using plasmid pAVIC6 kindly provided by Dr. Suzanne Matsui [@BIB16]. Sequence of the primers containing *Not*I and *Xho*I restriction sites are 5′ATAGCGGCCGCAACAAGATGGCA3′ and 5′TCCCTCGAGCTAATGAGTGGTAA3′ for ORF1a, and 5′AGGGCGGCCGCAAAGAAGTGTGATG3′ and 5′CCCCTCGAGCTACTCGGCGTGGC3′ for ORF2 (the underlining indicates the restriction site introduced in each primer). Recombinant pcDNA3.1(+) plasmids pcDNA1a and pcDNA2 were constructed by cloning the restricted PCR fragments into *Not*I- and *Xho*I-digested pcDNA3.1(+).

Transient expression assays for apoptosis
-----------------------------------------

Recombinant constructs pcDNA1a and pcDNA2, and plasmid pcDNA3.1 without insert, were introduced into CaCo-2 cells by electroporation in a BTX Electro Cell Manipulator 600, using a cuvette gap of 0.2 cm and a final volume of 0.5 ml. Subconfluent CaCo-2 cell monolayers were trypsinized and washed in HeBS buffer (20 mM Hepes, 137 mM NaCl, 5 mM KCl, 0.7 mM Na~2~HPO~4~, 6 mM Dextrose; pH 7.05). Approximately 1 × 10^6^ cells were electroporated with 280 V and a capacitance of 500 μF in the presence of 200 μg of plasmid; two pulses were used. Cells were diluted into growth medium and seeded into 24-well plates containing glass coverslips. At 72 h posttransfection, cells were fixed and analyzed by double labeling under a fluorescence microscope. Protein expression of ORF1a was detected by immunofluorescence using a mouse antibody made against a synthetic peptide corresponding to amino acid residues 778--792 of ORF1a (Genbank accession number [L23513](L23513)). For ORF2 expression, mouse monoclonal antibody 8E7 was used. Apoptosis was measured by performing the TUNEL assay and nuclei of all cells were counterstained with DAPI. The percentage of transfected cells that exhibited apoptotic nuclei was estimated after counting 50--100 protein-expressing cells from each condition and analyzing their nuclei. The same experiment was repeated twice for each construct.
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[^1]: Results are representative of two independent experiments (m.o.i. of 5), after incubation of 48 h p.i.

[^2]: Results are expressed as the reciprocal end-point dilution.

[^3]: Results are expressed as RT-PCR units per milliliter, after titration by end-point dilution RT-PCR.

[^4]: Results are expressed as infectious virus per milliliter and were measured by integrated cell culture RT-PCR procedure as previously described [@BIB1].
